S
epticemia is a severe bacterial infection that causes Ͼ34,000 deaths each year in the United States (1) . Excessive alcohol consumption impairs immune function predisposing the host to bacterial infections, particularly septicemia. Patients who abuse alcohol comprise up to 39% of all intensive care unit admissions and have higher rates of sepsis and septic shock (2) . In alcoholic patients, septicemia can develop from various origins, including trauma, wound infection, peritonitis, pneumonia, urinary tract infection, biliary infection, colonization of intravenous catheters, and bacterial translocation of gut flora (3) (4) (5) . A prominent feature of alcohol abusers with septicemia is that they frequently present with granulocytopenia, which is an indicator of increased mortality (3) . Clinical studies have shown that mortality rates exceed 80% in alcoholic patients with septicemia and granulocytopenia (6) .
Representing the largest population of phagocytes in the systemic circulation, polymorphonuclear leukocytes (neutrophils or granulocytes) are the first line of host defense against bloodborne pathogens. These cells constantly patrol the circulatory system and readily eliminate invading microbes by phagocytosis and intracellular killing. During systemic bacterial infection, granulocyte turnover in the circulation is accelerated. The bone marrow concomitantly increases production of granulocytes to sustain and/or reinforce phagocytic defense in the bloodstream (7, 8) . Failure to develop an adequate granulopoietic response results in poor infection control with increases in morbidity and mortality.
Current knowledge about mechanisms underlying the granulopoietic response to bacterial infection remains superficial. Studies have shown that tissues with infection and inflammation increase production of certain granulopoietic mediators, including granulocyte colonystimulating factor and CXC chemokines.
These mediators can stimulate bone marrow granulocyte maturation and release (9, 10) . Previous studies from our group have revealed that conversion of marrow LKSϪ (lineage [lin]Ϫ stem cell growth factor receptor [c-kit]ϩ stem cell antigen-1 [Sca-1]Ϫ) to LKSϩ (lin-c-kitϩSca-1ϩ) cells through enhancement of Sca-1 expression plays an essential role in directing lineage commitment of primitive precursors toward myeloid lineage development in mice after severe bacterial infection (11, 12) . Alcohol treatment impairs this initial step of the granulopoietic response (12) . Our current study extended this line of investigation by exploring the significance of enhanced Sca-1 expression by downstream granulocyte lineage-committed (granulocyte differentiation antigen-1 positive [Gr1ϩ]) progenitor populations in the host defense against septicemia. The surface expression of Gr1 is representative of the maturation status of granulocytes (13) . Immature granulopoietic precursors express low levels of Gr1 (Gr1 lo ). With terminal differentiation, the expression of Gr1 increases such that mature granulocytes express the highest level of Gr1 (Gr1 hi ). We focused on determining how enhanced Sca-1 expression related to expansion of the granulopoietic precursor pool in the bone marrow during bacterial infection. The underlying molecular mechanism as well as the adverse effect of alcohol treatment on this host defense process was delineated.
MATERIALS AND METHODS

Animals.
Male Balb/c mice (7-10 wks old; Charles River Laboratories, Wilmington, MA) with a body weight of 20.9 Ϯ 1.3 g were fed a standard laboratory diet and housed in a specific pathogen-free facility with a 12-hr light/ dark cycle. Acute alcohol treatment was conducted by intraperitoneal injection of 20% ethanol in saline at a concentration of 5 g/kg. Blood alcohol levels were determined to be 132.8 Ϯ 4.5, 122.4 Ϯ 1.9, and 61.4 Ϯ 6.8 mM, respectively, at 90 mins, 3 hrs, and 6 hrs postalcohol administration (n ϭ 5 at each time point). Control animals received an equal volume of intraperitoneal saline. Thirty mins after intraperitoneal injection, mice under inhaled isoflurane anesthesia were intravenously (IV) challenged with live Escherichia coli (E11775 from American Type Culture Collection, Manassas, VA; 1 ϫ 10 6 or 5 ϫ 10 7 colonyforming units [CFUs] in 100 L/mouse) through penile vein injection. Control animals received an equal volume of IV saline. Sca-1 knockout (KO) mice (14) , which are considered congenic on the C57BL/6 background (15), were bred under specific pathogen-free conditions in the Animal Care Facility of Louisiana State University Health Sciences Center. Experiments with Sca-1 KO mice were performed using male, 7-to 8-wk-old animals with age-and gender-matched C57BL/6 background controls (Charles River Laboratories). Animals received IV challenge with either 10 8 CFU E. coli or saline. Animals were euthanized at specific time points after IV challenge as indicated in each figure legend. In a subgroup of animals, IV 5-bromo-2Ј-deoxyuridine (BrdU; 1 mg in 100 L of phosphate-buffered saline/mouse; BD Biosciences) was administered during E. coli challenge 24 hrs before euthanasia. During euthanasia, heparinized blood was obtained by cardiac puncture and differential white blood cell counts were performed using Wright-Giemsa stain. Peripheral granulocyte counts after 24 Morphologic Analysis. Bone marrow Gr1loSca-1 and Gr1loSca-1 cells were stained and isolated by fluorescence activated cell sorting as described previously. Cytospin preparations of 100,000 cells were Wright-Giemsa-stained and imaged at 60 ϫ magnification using an inverted Nikon microscope (Melville, NY) and SPOT software (Diagnostics Inc, Sterling Heights, MI).
CFU Assays for Mitotic Activity. CFU assays of sorted bone marrow Gr1 lo Sca-1-and Gr1 lo Sca-1ϩ cells were performed by culturing cells in Methocult GF 3534 medium (StemCell Technologies). One milliliter of medium containing 100 sorted cells was plated on a 35-mm Nunclon dish (Nunc; Thermo Scientific, Rochester, NY). Each sample was cultured in triplicate for 7 days at 37°C in an atmosphere of 5% CO 2 . Colonies containing Ն50 cells were enumerated.
In Western Blot Analysis. Nucleated bone marrow cells were isolated from mice after IV challenge with 5 ϫ 10 7 E. coli for 8 hrs in the absence or presence of acute alcohol treatment. Western blot analysis of phospho-JNK in these cells was performed as previously described (16) . Twenty micrograms of protein from each sample were resolved on an 8% sodium dodecyl sulphate-polyacrylamide gel. The primary and secondary antibodies used were antiphospho-JNK (1:200 dilution; Santa Cruz Biotechnology Inc, Santa Cruz, CA) and horseradish peroxidase-conjugated horse antimouse IgG (1:1000 dilution; Cell Signaling Technology, Danvers, MA), respectively. Semiquantification was performed using the Kodak Gel Logic 2200 Imaging System (Eastman Kodak Company, Rochester, NY). Data are presented as the normalized mean intensity ratio.
Statistical Analysis. Data are presented as mean Ϯ SEM. The sample size is indicated in the legend of each figure. Statistical analyses of data were conducted using unpaired Student's t test (for comparison between two groups), one-way analysis of variance followed by Student-Newman-Keuls test, or Proc Mixed (SAS Institute, Cary, NC; 2004) two-way analysis of variance (for comparisons among multiple groups) followed by Tukey post hoc test. Asterisks and bars with different letters in each panel are statistically different (p Ͻ .05). Regression analysis was performed with the Microsoft Excel Analysis ToolPak (Microsoft Inc, Redmond, WA). Differences were considered statistically significant at p Ͻ .05.
RESULTS
Alteration of Marrow Hematopoietic
Cell Constitution After Septicemia. As shown in Figure 1A , a very small fraction of nucleated bone marrow cells express Sca-1 in control animals. Intravenous challenge with 5 ϫ 10 7 E. coli caused a marked increase in Sca-1 expression by bone marrow cells at 12, 24, and 48 hrs postchallenge. Acute alcohol treatment suppressed this upregulation of Sca-1 expression. Figure  1B demonstrates changes in the distribution of Sca-1-expressing cells (area with shading) in the bone marrow after IV challenge with 5 ϫ 10 7 E. coli. Septicemia caused a significant increase in the proportion of Sca-1ϩ cells within the linϪ and all subtypes of linϩ marrow cell compartments. This Sca-1 response was associated with a dynamic change in the bone marrow granulocyte (Gr1ϩ) population. At 12 and 24 hrs post-E. coli challenge, the marrow granulocyte fraction was reduced (Fig. 1B) . This decrease in the marrow pool of granulocytes during the early stage of septicemia may reflect accelerated mobilization of granulocytes from the bone marrow into the systemic circulation (17) (18) (19) . By 48 hrs post-E. coli challenge, the marrow granulocyte fraction recovered and even exceeded the level of saline-treated control animals (Fig. 1B) . The lineage-negative fraction of hematopoietic precursors and monocyte (F4-80ϩ) subpopulation also increased significantly at this time point. Recovery of the marrow granulocyte fraction at 48 hrs post-E. coli challenge was associated with a reduction in erythroid precursor (TER119ϩ), T lymphocyte (CD3ϩ), and B lymphocyte (CD19ϩ) proportions in the bone marrow. Alcohol treatment inhibited recovery of the marrow granulocyte pool after septicemia.
Sca-1 Expression in Granulocyte Lineage Cells in Response to Septicemia.
The proportion of Gr1 hi cells predominated over Gr1 lo cells in the marrow Gr1ϩ cell population of control animals (Fig. 2) . However, fewer mature granulocytes remained in the bone marrow 24 hrs postchallenge with 5 ϫ 10 7 E. coli leading to a proportionate increase in the number of Gr1 lo cells. E. coli septicemia stimulated Sca-1 expression (blue color in histogram) in the bone marrow that included the Gr1ϩ cell compartment (Fig. 2) . After 12, 24, and 48 hrs of 5 ϫ 10 7 E. coli challenge, the proportion of Sca-1ϩ cells increased in both Gr1 lo and Gr1 hi cell populations ( Fig.  3A-B) . A lower dose of E. coli (10 6 CFU) challenge did not significantly affect Sca-1 expression in the Gr1ϩ cell compartment. Acute alcohol treatment impaired the upregulation of Sca-1 expression by cells in the granulocyte lineage compartment after 5 ϫ 10 7 E. coli challenge (Fig. 3B ). This inhibition occurred in both Gr1 lo and Gr1 hi cell subtypes. Bone Marrow Gr1ϩ Cell Development During Septicemia. During bacterial infection, the bone marrow accelerates production of granulocytes to support the increase in mobilization of these phagocytes into the circulation (17) (18) (19) . As shown in Figure 3C , the proportion of Gr1 hi cells in the bone marrow was decreased at 12 hrs of E. coli challenge in an E. coli dosedependent manner. The marrow Gr1 hi cell population in mice challenged with 10 6 E. coli recovered to control levels by 24 hrs postchallenge. However, the level of Gr1 hi cells in the bone marrow of mice challenged with 5 ϫ 10 7 E. coli was further reduced at 24 hrs postchallenge. By 48 hrs post-IV challenge with 5 ϫ 10 7 E. coli, the marrow Gr1 hi cell proportion tended to recover. These alterations of the marrow Gr1 hi cell population paralleled changes in the total bone marrow granulocyte pool during septicemia (Fig. 1) inhibited the increase in marrow Gr1 lo cells 48 hrs after 5 ϫ 10 7 E. coli challenge. Accordingly, recovery of the marrow Gr1 hi cell population and total granulocyte pool was impaired in these animals.
Granulopoietic Cell Proliferation During Septicemia. To define how enhanced Sca-1 expression affects cell proliferation in the Gr1ϩ cell compartment, we used BrdU incorporation analysis. During granulocyte development, the ability to replicate is lost as granulopoietic precursor cells reach the myelocyte stage (20) . As shown in Figure 4A , the percentage of Sca-1ϩ cells in the Gr1 lo cell population was higher than in the Gr1 hi cell population of control mice. Similarly, BrdU incorporation into Gr1 lo cells was also higher than in Gr1 hi cells in salinetreated animals (Fig. 4B) . During E. coli challenge, the proliferation of marrow granulocytes was enhanced. The proportion of Gr1 lo Sca-1ϩBrdUϩ and Gr1 hi Sca1ϩBrdUϩ (Figs. 4C and E) cells increased significantly after 24 hrs of 5 ϫ 10 7 E. coli challenge. Alcohol treatment suppressed these increases. Further analysis of the relationship between Sca-1 expression and BrdU incorporation in Gr1ϩ cells showed that the increase in surface density of Sca-1 expression (Sca-1 mean channel fluorescence) by Gr1 lo Sca-1ϩ cells during infection closely correlated with an increase in BrdU incorporation into these cells (r ϭ .905, p Ͻ .01) (Fig.  4D ). This correlation also existed in Gr1 hi Sca-1ϩ cells (r ϭ .430, p Ͻ .05) (Fig. 4F) . These data suggest a strong correlation between Sca-1 expression and the proliferation of granulopoietic precursors during septicemia.
CFU Granulocyte Macrophage Activity in Granulopoietic Cells During Septicemia. As shown in Figure 5A , Gr1 lo Sca-1ϩ cells demonstrated greater CFU granulocyte macrophage production than Gr1 lo Sca-1Ϫ cells after 24 hrs of 5 ϫ 10 7 E. coli challenge. Gr1 lo Sca-1ϩ cells isolated from alcohol-treated animals had significantly less CFU granulocyte macrophage activity after the E. coli challenge than those from saline-treated animals (Fig. 5B) . Gr1 lo Sca1ϩ cells also demonstrated more immature, blast-like nuclear morphology after E. coli challenge than Gr1 lo Sca-1Ϫ cells (Fig. 5C ). Alcohol treatment did not alter the nuclear morphology of either cell type.
Lipopolysaccharide-Stimulated Sca-1 Expression By Gr1ϩSca-1Ϫ Cells. Culture of sorted Gr1ϩSca-1Ϫ cells with lipopolysaccharide for 12 hrs stimulated a significant upregulation of Sca-1 expression by these cells (Fig. 6A) . Alcohol dosedependently inhibited this lipopolysaccharide-stimulated enhancement of Sca-1 expression. Previous studies from our group have shown that the alteration of Sca-1 expression by hematopoietic precursors in response to bacterial infection is regulated at the transcriptional level (11, 12) . After analyzing the promoter region of the Sca-1 gene, we have found 20 AP-1 binding sites with an optimization value between 0.87 and 0.94 in the sequence of Ϫ1 to Ϫ13,743 bp upstream of the Sca-1 gene transcription start site. C-Jun is the most potent transcriptional activator in the AP-1 family (21). Hematopoietic precursors express Toll-like receptors (TLRs) and their coreceptors (22) . Engagement of lipopolysaccharide to TLR4 activates JNK and consequently enhances the transcriptional activity of c-Jun by phosphorylation of its N-terminal activation domain. As shown in Figure 6B , addition of the JNK inhibitor SP600125 to the culture system blocked lipopolysaccharide-stimulated Sca-1 expression by sorted marrow Gr1ϩSca1Ϫ cells. Additionally, IV challenge with 5 ϫ 10 7 E. coli for 8 hrs caused a significant increase in JNK phosphorylation, particularly of JNK p54, in nucleated bone marrow cells (Fig. 6C-D) . Alcohol treatment inhibited this JNK activation in bone marrow cells following septicemia.
Participation of Sca-1 in the Regulation of Granulocyte Production During Septicemia. To further evaluate the role of enhanced Sca-1 expression in increasing marrow granulocyte production during septicemia, we compared the granulopoietic response of wild-type C57BL/6 and Sca-1 KO mice after IV E. coli challenge. As shown in Figure 7A , the increase in the proportion of marrow Gr1 lo cells 24 and 48 hrs post-10 8 E. coli challenge was significantly attenuated in Sca-1 KO mice. Although there was a trend for wild-type marrow Gr1 hi cells to recover toward baseline after 48 hrs, Sca-1 KO animals had no significant difference in the proportion of marrow Gr1 hi cells after E. coli challenge (Fig.  7B) . Additionally, although Gr1ϩ granulocytes in the peripheral circulation were fewer in saline-treated Sca-1 KO mice, no difference was seen in the number of circulating granulocytes 24 or 48 hrs after E. coli challenge (Fig. 7C) . In wild-type mice, BrdU incorporation into marrow Gr1 lo cells was significantly increased 24 and 48 hrs post-E. coli challenge (Fig. 7D ). This increase in BrdU incorporation by marrow Gr1 lo cells was attenuated in Sca-1 KO animals. Sca-1 KO mice did not show differences in BrdU incorporation by marrow Gr1 hi cells after E. coli challenge (Fig. 7E) . In the systemic circulation, the frequency of BrdU-positive granulocytes was significantly increased 48 hrs post-E. coli challenge in wild-type animals (Fig. 7F) . Sca-1 KO mice showed an attenuation of this increase.
DISCUSSION
Sca-1 is an 18-kDa, glycophosphatidylinositol-anchored cell surface protein of the lymphocyte activation protein-6 (Ly6) gene family (23) . Studies with Sca-1 KO mice have clarified the cellular and physiological functions of Sca-1, demonstrating its role in hematopoietic and mesenchymal stem cell self-renewal and myeloid progenitor cell production (15, 24) . Additionally, greater Sca-1 expression has been directly linked with myeloid lineage commitment in multipotent hematopoietic cell lines (25, 26) . Our previous studies have revealed that Sca-1 re-expression by LKSϪ precursors during bacterial infection drives rapid expansion of the marrow LKSϩ cell population. This enlarged LKSϩ cell pool serves as a platform in which primitive hematopoietic precursor cells reprogram their commitment toward myeloid lineage development (11, 12) . Sca-1 antigen is expressed in enriched mouse hematopoietic stem cells (27, 28 ). In our current study, the bone marrow expression of Sca-1 was significantly upregulated in response to septicemia. This enhancement of Sca-1 expression was not limited to the upstream linϪ primitive precursor cell compartment. Instead, virtually all of the lineage-committed cell populations examined increased expression of Sca-1. Our current research focus is to determine how the upregulation of Sca-1 expression by granulocyte lineagecommitted cells relates to enhancement of granulocyte production during systemic bacterial infection and how alcohol impairs this host defense mechanism. During the initial response to septicemia, the bone marrow storage pool of granulocytes was markedly reduced, reflecting the rapid release of these phagocytes into the systemic circulation. Enhanced Sca-1 expression by marrow Gr1ϩ cells correlated with this change and was accompanied by recovery of the marrow granulocyte pool in the later stage of septicemia. Alcohol treatment suppressed Sca-1 expression by Gr1ϩ cells, which may serve as a potential mechanism underlying impaired recovery of the marrow granulocyte population in intoxicated hosts.
In the mouse bone marrow, a small fraction of cells express both Gr1 and F4-80 antigens. The lineage commitment of these cells is not yet defined. In our current study, we observed that approximately 80% of the cells in this subpopulation are positive for myeloperoxidase and had a nuclear morphology consistent with myeloneutrophil series development (unpublished data). Therefore, this cell subtype was included in our analysis. In this study, the initial reduction of the marrow granulocyte pool essentially resulted from the loss of mature Gr1 hi cells after E. coli infection. In the later stage of septicemia, the increase in Gr1 lo cells initiated recovery of the marrow granulocyte pool. Alcohol treatment inhibited expansion of the marrow Gr1 lo cell fraction and impaired marrow granulocyte recovery. These observations highlight the detrimental effects of alcohol on the dynamic alterations in the marrow microenvironment that support the granulopoietic response to systemic bacterial infection.
Enhanced Sca-1 expression by Gr1 lo precursors during septicemia was associated with an increase in the activities of proliferation and CFU granulocyte macrophage formation in these cells, suggesting the potential role of Sca-1 in promoting marrow granulocyte production.
To clarify whether the increase in Sca-1 expression by marrow Gr1ϩ cells was simply the result of carryover of the Sca-1 surface marker by upstream linϪ precursor cells during the accelerated process of granulocyte lineage development, we sorted Gr1ϩSca-1Ϫ cells from naïve mice and cultured them in the presence of lipopolysaccharide stimulation. Our results provide direct evidence that marrow granulocyte lineage-committed cells are able to express Sca-1 in response to lipopolysaccharide stimulation. Alcohol inhibits this Sca-1 response. Our data also demonstrate that activation of JNK signaling plays a key role in mediating the upregulation of Sca-1 expression in marrow Gr1ϩ cells after E. coli challenge. Bone marrow cells from E. coli-challenged mice significantly increased JNK phosphorylation; however, alcohol treatment suppressed activation of JNK signaling. The JNK inhibitor SP600125, at a concentration of 20 M, has been reported to sufficiently inhibit lipopolysaccharide-induced JNK activation in myeloid cells (29, 30) . In our experiments, blocking activation of the JNK pathway abolished lipopolysaccharide-stimulated Sca-1 expression by cultured marrow Gr1ϩSca1Ϫ cells. Lipopolysaccharide, a cell wall component of Gram-negative bacteria, is known to be a major ligand for TLR4. Ligand engagement of TLR4 in various cell types activates the JNK pathway during host defense (31) . Previous observations have reported that TLR4 activation increases hematopoietic stem cell proliferation and polarization toward myeloid lineage development during bacterial infection (22) . Alcohol has been shown to impair lipopolysaccharide-stimulated JNK activation by multiple mechanisms, including the modification of lipid rafts and impairment of TLR4 downstream signaling (32) (33) (34) .
To further define the role of Sca-1 expression in enhancing granulopoietic precursor proliferation during bacterial infection, we used the Sca-1 KO mouse model. We predicted that similar to alcohol-treated animals, Sca-1 KO mice would not adequately expand marrow granulocyte production during septicemia. Our results support this prediction, showing impaired expansion of the marrow Gr1 lo cell fraction and an attenuated increase in Gr1ϩ cell proliferation in Sca-1 KO mice after septicemia. Unlike our results in wild-type Balb/c mice, recovery of the marrow Gr1 hi cell compartment did not occur 48 hrs postchallenge in experiments using the C57Bl/6 strain. This outcome likely resulted from using a higher dose of E. coli challenge for C57Bl/6 mice to elicit the granulopoietic response. The impaired proliferative response in Sca-1 KO mice appears to be specific to myeloid lineage development because splenocytes from Sca-1 KO animals proliferate normally in response to lipopolysaccharide stimulation (14) . In fact, Sca-1 Ϫ/Ϫ T cells are hyperproliferative in response to antigens that act through the T cell receptor (14) . Thus, these data suggest that enhanced Sca-1 expression during septicemia was necessary to foster increased granulopoietic precursor proliferation and production of mature granulocytes in the bone marrow. Suppression of infection-induced Sca-1 expression by alcohol may serve as a novel mechanism by which alcohol inhibits the granulopoietic response to bacterial infection.
The role of Sca-1 in host defense has been investigated with different focuses by other laboratories. Our work continues to support the concept that Sca-1 acts as a "molecular switch" to stimulate the proliferation of early hematopoietic precursors (35) . Previous studies from our group and others have shown that a number of mediators, including components of microbes, cytokines, and synthesized molecules, are able to stimulate Sca-1 expression by hematopoietic cells (11, 26, 36, 37) . These results indicate that multiple mechanisms exist for Sca-1 induction and subsequent triggering of this "molecular switch" for proliferation (11) . Because the lipopolysaccharide/TLR4 pathway generates essential proximal signaling for initiating the granulopoietic cell response to E. coli septicemia, it warrants the critical role of this signaling cascade in induction of Sca-1 expression by marrow granulocyte lineage-committed cells. Other mediators generated from infected tissues may subsequently participate in the continued induction of Sca-1 expression by hematopoietic cells during septicemia.
Although it has not yet been identified, there is strong evidence that a human ortholog of Sca-1 exists and plays a significant role in hematopoietic precursor proliferation and myeloid cell development (38) . Additionally, human hematopoietic precursors express other Ly6 family proteins, of which Sca-1 is a member, including Sca-2, CD59, and other glycophosphatidylinositol-linked proteins. Because Sca-1 plays a significant role in murine hematopoietic activity during infection, human Ly6 family proteins may provide a novel area for investigating molecular targets to strengthen host defense in critically ill patients.
It has long been recognized that alcohol abusers with severe bacterial infection have an increased incidence of developing granulocytopenia, an indicator of poor outcomes (3). Excessive alcohol consumption has been shown to injure myeloid progenitor cells and impair granulopoietic activity in the bone marrow (39, 40) . In vitro observations have documented that exposure of bone marrow cells to alcohol at concentrations commonly observed in intoxicated patients suppresses granulocyte colony formation (41, 42) . Our investigations using a mouse model demonstrate that alcohol suppresses Sca-1 induction in granulopoietic cells and impairs their proliferation after septicemia. Because hematopoietic progenitors transverse a stage termed "transit amplification," in which precursors undergo maximal mitotic expansion during the process of maturation (43), our current study indicates that alcohol impairs Sca-1-associated signaling and restricts maximal expansion of the granulopoietic cell pool during the host response to septicemia. These observations reveal a novel mechanism underlying impairment of the granulopoietic response to severe bacterial infection in hosts who excessively consume alcohol.
